Os excursion, evidence of the global influence of glaciation on supply of Os to the ocean is robust as it has now been documented in both Pacific and Atlantic records.
Os minimum can be placed at 34 .5±0.1 Ma in the marine records. In addition, two other distinct features of the 187 Os/ 188 Os excursion that are correlatable among sections are proposed as chemostratigraphic markers which can serve as age control points with a precision of ca.
±0.1 Myr. We propose a speculative hypothesis that higher cosmic dust flux in the Late Eocene may have contributed to global cooling and early Oligocene glaciation (Oi-1) by supplying bio-essential trace elements to the oceans and thereby resulting in higher ocean productivity, enhanced burial of organic carbon and draw down of atmospheric CO 2 . To determine if the hypothesis that enhanced cosmic dust flux in the Late Eocene was a cause for the 187 Os/ 188 Os excursion can be tested by using the paired bulk sediment and leachate Os isotope composition, 187 Os/
188
Os were also measured in sediment leachates. Results of analyses of leachates are inconsistent between the south Atlantic and the Pacific sites, and therefore do not yield a robust test of this hypothesis. Comparison of 187 Os/ 188 Os records with high resolution benthic foraminiferal δ 18 O records across the Eocene-Oligocene transition suggests that 187 Os flux to the oceans decreased during cooling and ice growth leading to the Oi-1 glaciation, whereas subsequent decay of ice-sheets and deglacial weathering drove seawater 187 Os/
Os to higher values. Although the precise timing and magnitude of these changes in weathering fluxes and their effects on the marine 187 Os/
Os records are obscured by recovery from the Late Eocene 187 Os/
Introduction
The Eocene-Oligocene transition (EOT) marks an important change in Earth's global climate regime during which the unusual warmth of the Eocene gives way to the development of an extensive Antarctic ice-sheet [1] [2] [3] . This climate shift is reflected by an abrupt increase of benthic δ
18
O in marine records near the Eocene-Oligocene boundary (EOB), commonly recognized as the "Oi-1" glaciation event [2, 3] . The EOT is also characterized by a pronounced deepening of calcite compensation depth as documented in several deep sea cores ( [4] , see [5] for a recent summary). Furthermore, two major meteoritic impacts and a protracted cometary shower in the Late Eocene have been documented [6] [7] [8] . The causative mechanism for the Oi-1 is widely debated. For many years this climate transition was widely believed to result from opening of the Southern
Ocean Gateways [1, 9] . A recent study, however, suggests that opening of the Tasmanian
Gateway did not cause a decrease of sea-surface temperature [10] as believed earlier. Some of the other proposed mechanisms for Oi-1 glaciation are: threshold response to long term decline of global atmospheric CO 2 [11] , extraterrestrial impacts [12, 13] , rapid chemical weathering of silicates and associated enhanced burial of organic carbon [14, 15] , evolution and expansion of grasslands which served as sinks for atmospheric CO 2 , CH 4 and water vapor [16] , and orbital forcing [17] .
Recent studies show that change in ocean composition brought about by global events and associated change in inputs to the oceans can be tracked by marine Os isotopic Os) records [18] [19] [20] . Marine residence time of Os, of the order of 10 to 50 thousand years, allows perturbations over 10 4 to 10 5 years to be captured by marine 187 Os/
188
Os records. We report here 187 Os/
Os records across the EOT of two sections from the tropical Pacific (Sites 1218 and 1219, ODP Leg 199). These two sites provide continuous Eocene-Oligocene records with excellent age control [17, 21] . The study of [19] on 187 Os/
Os records across the EOT from three sections showed a pronounced Late Eocene 187 Os/
Os minimum. The results of this study, together with those of [19] provide the most comprehensive database on the marine 187 Os/
Os for any interval of geological time. The major objectives of this study are: (i) to evaluate the utility of the marine Os isotopic record across the EOT as a tool for chemostratigraphic correlation. We explore for the first time the potential of correlatable features of the Late Eocene Os excursion and the Oi-1 event.
Sample materials and Stratigraphy
The sediments used in this study are core samples indicates limited influence of organic matter degradation [22] . The sediments of these sections, originally deposited under the high productivity equatorial belt, have been transported into the red clay zone of slow accumulation by northward drift of the Pacific plate throughout the Cenozoic [23] . At Site 1218, the Eocene-Oligocene transition is marked by a two step up-section shift from dark radiolarite to pale nannofossil chalk, whereas at Site 1219 the transition is sharper and is associated with an abrupt lithological change from radiolarian clays below to the nannofossil ooze above [22] .
Previous Os isotopic studies from the DSDP cores [19] Os of seawater and bulk sediments.
Analytical Methods
Osmium and other platinum group elements (PGE) were pre-concentrated from 3-5 g of powdered samples by NiS fire assay [24] Pt. Osmium isotopes were analyzed using a magnetic-sector inductively coupled plasma mass spectrometer (ELEMENT 2) after slightly modifying the procedure of [25] . Briefly, the modifications include the use of an additional argon gas flow in the sample inlet system and of a cyclonic spray chamber. Os between replicate analyses of leachates is ca. 5% that is higher compared to the bulk analysis. This could be due to sample heterogeneity and/or variable magnitude of leaching of Os from lithogenic/cosmic phases.
Results and discussions
Results of Os concentrations and 187 Os/
188
Os of bulk sediment analyses are presented in Table 1 and data for the leachates in Table 2 . PGE concentrations of these samples will be reported elsewhere, but are discussed briefly later on. Bulk Os concentrations ranged from 34 to 376 pg/g and are generally higher than those reported for the Eocene-Oligocene sections from the DSDP Sites 574 and 522 [19] . 187 Os/ Os minimum was first observed in the red clays from the North Pacific core LL44-GPC3 [26, 28] . Ravizza and Peucker-Ehrenbrink [19] showed that this 187 Os/
Os minimum occurred in the Late
Eocene and not at the EOB, an observation corroborated by the results of this study.
Results plotted in Fig. 1 Os recovery (interval "3" in Fig. 2) , falls between 33.7 and 33.9 Ma, very close to the initiation of the Oi-1 glaciation and EOB [17] . Os relative to the bulk sediments [39] whereas the opposite is true if sediments contain significant extraterrestrial particulate Os [27, 37, 40] . Hydrogen peroxide-sulfuric acid leaching has been used as a means of selectively dissolving the hydrogenous Os [26, 37] . In this study, the sediments have been leached with 0.3 vol.% H 2 O 2 in the presence of sulfuric acid for reasons described in the methods section earlier.
Analysis of leachates yields contrasting results between sites from the Atlantic and the Pacific (Fig. 4) [42] . Second, considering that the ultramafic rocks constitute volumetrically small proportion of the earth's surface today, it seems unlikely that this lithology was distributed widely enough to assume global significance. Third, it is already documented that there was an episode of enhanced cosmic dust flux in the Late Eocene [8] .
In addition, data on abundance of terrigenous matter at Sites 1218 and 1219 [23] show that contributions from detrital particles do not exert noticeable influence on 187 Os/
Os of sediments. This is illustrated in the plot of depth vs. the fractional abundance of terrigenous matter (Fig. 1) Os excursion, Os contributions from cosmic dust fluxes were about ten fold higher compared to the modern value, a result similar to reported earlier [19] .
It is observed that PGE concentration ratios (data to be reported elsewhere) do not become more chondritic across the 187 Os/
Os minimum at Sites 1218 and 1219. Thus the PGE abundance patterns at these sites will seem inconsistent with enhanced contributions from cosmic dust in the Late Eocene if extraterrestrial PGE supplied to sediments had chondritic abundance pattern. One possible way to reconcile the non-chondritic character of the PGE abundance patterns with our interpretation of the Os isotope data is to invoke fractionation of PGE from one another due to ablation processes during atmospheric entry of extraterrestrial material. A recent study, based on fluxes of Ir and Pt in ice cores from Greenland, suggests that most of the particulate flux of extraterrestrial material is vaporized during atmospheric entry and re-condensed into nanometer size particles [43] .
Given the very refractory character of the PGE, substantial elemental fractionation between the vapor and the small amount of residual solid seems likely. For example, McNeil et al. [44] suggest that more volatile metals of the cosmic dust sublimates earlier and at higher altitude resulting in relative abundances of metals in the atmosphere that is disproportionate compared to abundances in meteoric material. Indeed, available data for Pt-rich nuggets of deep sea cosmic spherules show that fractionation of the PGE does occur [45] . Low Pd/Ir in the impact ejecta were explained by [46] in terms of PGE fractionation via loss of volatile PGE associated with atmospheric spherule condensation.
More detailed knowledge of ablation of PGE from cosmic dust during atmospheric entry is required to rigorously assess whether this process can reconcile the observed PGE patterns across the Late Eocene Os isotope excursion with an increased flux of extraterrestrial material. Another scenario would be that PGE scavenged from seawaters overwhelm the signatures inherited from extraterrestrial particulates and/or that PGE of the cosmic particles are fractionated in the marine environment during their transport and deposition.
Also, it is not known how the supply of PGE to the oceans via slow and prolonged delivery of extraterrestrial particles will influence the PGE abundances in marine sediments compared to the case of extraterrestrial impacts where the meteorites interact with the target rocks. Thus, models of physical mixing between extraterrestrial matter and sediments analogous to those applied to impact crater studies are likely inappropriate. A detailed discussion of the sources and processes regulating the PGE concentrations and patterns of the EOT sections at Sites 1218 and 1219 will be presented in a companion paper. Os from the freshly exposed source rocks [49] , or due to a higher continental dissolved Os flux due to enhanced weathering and water flux [32, 34] , or a combination of both. An increased rate of silicate weathering during deglaciation may have contributed to rapid drawdown of CO 2 from the atmosphere, thereby aiding in ice sheet stabilization [19] . While the hypothesis of 'deglacial weathering-CO 2 drawdown-ice sheet stabilization' in the early Oligocene is yet to be tested, it draws support from the existing studies indicating that concentrations of atmospheric CO 2 dropped rapidly following the Oi-1 glaciation [50] , and enhanced weathering fluxes of base cations and carbon on the continents immediately after the Oi-1 glaciation [14] .
The Eocene-Oligocene

Extraterrestrial influence on climate change across the Eocene-Oligocene transition
The paleoclimatic significance of the Late Eocene excursion to low 187 Os/
188
Os ratios remains uncertain. The most recent discussion of the potential paleoclimatic significance of the Late Eocene Os isotope excursion [19] pointed out that the nadir of the excursion preceded the Oi-1 glaciation and thus might be causally linked to this important paleoclimate event. However, this discussion offers no specific mechanism by which an episode of increased cosmic dust flux might influence climate. In light of subsequent studies that emphasize the abrupt nature of the Oi-1 glaciation and its significance as a major Cenozoic climate transition driven by CO 2 draw-down below a critical "threshold" level [11, 17] , we present a speculative hypothesis that links increased flux of particulate extraterrestrial material to CO 2 draw-down.
We suggest that an episode of increased delivery of extraterrestrial particles to the Earth, lasting for 2.5 Myr [8] , has the potential to perturb long-term patterns of organic and inorganic carbon burial by substantially enhancing the flux of biologically important trace metals to the surface ocean and thus triggering high surface productivity. It is widely recognized that productivity in large parts of the modern open ocean is limited by the availability of Fe [51, 52] . Other biologically essential trace metals, such as Zn and Co may also be important in regulating the relative amounts of biogenic carbonate and organic carbon production ( [53] and references therein). Existing studies point to higher productivity in many parts of oceans in the Late Eocene. It has been suggested that some part of the equatorial Atlantic experienced enhanced productivity and carbon burial in the Late Eocene [54] . Schumacher and Lazarus [55] show that the productivity in the Southern
Ocean started increasing in the Late Eocene and continued through the EOT, whereas in the equatorial oceans no clear trend was apparent. Paleobotanical studies on fossil floras from Germany suggest that atmospheric CO 2 concentration decreased after Late Eocene and continued to decrease until Early Oligocene [56] . Isotopic measurements of alkenones suggest atmospheric CO 2 concentrations started declining rapidly following the EOB [50] .
On the other hand, Sarkar et al. [15] Os excursion (rmcd= revised meters composite depth). Also plotted are variations in terrigenous fractions in sediments (gray lines) for the studied interval (Data from [23] Os excursion are shown by dashed vertical lines and marked as "1", "2" and "3". Os at Sites 522, 1218 and 1219. Ages for sample depths were calculated based on age model of [17] [3, 17] ). 
